Abstract-Low frequency noise in virgin (not aged) graphene transistors might be relatively low (comparable to average Si MOSFETs), at least for high quality devices with the bottom gate configuration. Graphene channels are the dominant sources of noise, even though the contact resistances have an important effect on the noise magnitude due to the voltage re-distribution between the contacts and the channel. Gate voltage dependences of noise in graphene transistors reveal that the noise mechanism cannot be described by a conventional McWhorter model and might be linked to graphene mobility fluctuations. Aging in ambience causes a substantial degradation of device characteristics and increase of noise level. The temperature dependences of the current-voltage characteristics of graphene revealed a new effect of a "memory step" near the charge neutrality voltage. Further studies of low frequency noise under such conditions might help in understanding of this novel phenomenon.
INTRODUCTION
High room temperature electron and hole mobilities [1, 2] and thermal conductivity [3, 4] make graphene very promising for sensing, terahertz [5] , digital and analog microelectronics applications [6] . Most of these potential applications require low level of noise, including noise at frequencies, f, below 100 kHz. However, in spite of several reports on 1/f noise in graphene [7] [8] [9] [10] [11] [12] [13] [14] [15] , the mechanism of 1/f noise in graphene has not been established. In this paper, we review the results of the low frequency noise study in graphene and discuss possible mechanisms of noise.
II. EXPERIMENTAL NOTES
Most of the noise research was performed on graphene transistors fabricated using a standard approach of mechanical exfoliation from the bulk highly oriented pyrolytic graphite. Highly doped Si wafers covered with 300-nm thermally grown SiO 2 served as a substrate and back-gate for exfoliated graphene. Transistors with a top gate [11, 15] and graphene fabricated by CVD [12] were also studied. The noise was studied for the virgin (just fabricated) and aged graphene transistors kept in ambient environment over a month time period [9] . Low frequency noise is usually studied at small drain voltage and as a function of the gate voltage. Figures 1, and 2 show examples of the input current-voltage characteristics. As seen, current-voltage characteristics of transistors from different batches and/or fabricated by different groups often have different shapes and charge neutrality voltages. graphene FET held at T=150 K. Gate voltahe sweep from -60V to 60V (after [14] ). Aging leads to the shift of the charge neutrality point and decrease of the current. All devices demonstrate hysteresis for the change of the gate voltage swing direction (see Fig.1 and line "C" in Fig.2 ).
III. ELECTRICAL CHARACTERISTICS
Recently a new effect, which we refer to as the "memory step" was found in graphene at elevated temperatures (see Fig.3 ) [17] .
We found that above ~ 220 o C, graphene samples with different shapes of the graphene flakes, conductivities, and the charge neutrality points all demonstrated a step at the gate voltage close to but not exactly equal to zero.
The effect is reproducible and preserved after graphene device aging. The effect has some similarities to well known "memory dip" in electron glasses. Further studies of low frequency noise under such conditions might help in understanding of this novel phenomenon and will be reported elsewhere. Important electric characteristics of the transistor are drain and source contact resistances. Figure 3 illustrates the technique of the contact resistance extraction by plotting the drain-to-source resistance, R ds , versus
1/(V g -V CN ). A different technique (four probe measurements)
yielded similar values of the contact resistance [18, 19] . Usually, the value of the contact resistance per unit width varied from 0.2 to 5 Ω mm and from 1 to 10 Ω mm for the virgin and aged samples, respectively. The mobility extracted from both the channel resistance and transconductance was only slightly dependent on the gate voltage and was in the range 3000-10000 cm In order to distinguish between contact noise and noise originated from graphene, multiple samples of different area (1.5 to 80 µm 2 ) were measured [9] . While noise in different transistors differed by several orders of magnitude, normalization to the area drastically reduces this dispersion (see Fig. 6 ). This indicated that graphene itself was the dominant source of the low-frequency noise. for the same transistors as functions of the gate bias. Note a decrease in the data spread in the noise spectral density normalized by the area of the graphene channel. The data points indicated with blue symbols correspond to SLG transistors, the rest are BLG transistors [9] .
Several publications reported that noise in SLG decreases with the deviation of the gate voltage from the charge neutrality point [7, 10] . As shown in [10] , the gate voltage dependences are different for the single-and bi-layer graphene (see Fig.7 ). A more complicated dependence shown in Fig.8 was reported in [13] . The difference in noise between SLG and BLG might be related to the different band structures and charge inhomogeneties close to the charge neutrality point [10, 13] . In order to analyze the noise characteristics of graphene FETs we have to account for the influence of the contact resistance even if the contacts are not the prime source of noise. Figure 9 shows measured noise S I /I 2 and graphene resistance fluctuations S Ch /R Ch 2 calculated taking into account the contact resistance. For all transistors examined in [9] (both SLG and BLG), far enough from the charge neutrality voltage the noise S Ch /R Ch 2 either increases with the increase of the electron (hole) concentration or weakly depends on the gate voltage. Measurements in the four probe configuration confirmed this result [18] .
This kind of behavior is qualitatively different from that for Si MOSFETs where this kind of behavior was never observed. A possible mechanism of noise for graphene might be linked to mobility fluctuations [18] . The Hooge parameter that is widely used as a crude figure of merit for 1/f noise is within the range 10 -4 -10 -3 for graphene [7,8,10,12,] . Figure 11 shows the temperature dependence of the Hooge parameter for mechanically exfoliated and CVD grown graphene [12] . A similar decrease of noise with temperature was reported in [10, 18] . Figure 11 . Comparison of Hooge parameter at similar carrier densities for both CVD made graphene and exfoliated graphene devices over a wide range of temperature (after [12] ).
Aging of graphene transistors due to the environmental exposure substantial increased the low-frequency noise. Figure  12 shows the gate-voltage dependence of the noise spectral density of the transistors kept in ambient for about 1 month (compare with Fig.6a ). 
V. CONCLUSIONS
The most striking feature of noise in graphene is the gate voltage dependencies that cannot be described by the conventional McWhorter model and might indicate that mobility fluctuations give the dominant contribution to noise. Even though the effect of the contact resistance on noise can be strong and should be taken into account while analyzing the noise properties, the noise primarily comes from the graphene channels.
Aging leads to the degradation of mobility and contact resistance and to the noise increase.
Further studies of low frequency noise at elevated temperatures might be useful for revealing the mechanism of the "memorystep" effect discovered recently in a large variety of graphene samples at elevated temperatures.
